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ABSTRACT 
Photometry of t h e  f u l l  d i sc  of Flays near opposi t ion 
1969 confirm t h e  exis tence  of a  moderate opposi t ion e f f e c t ,  
i , e ,  a  non-l inear  surge i n  br ightness  towa,rd zero phgse, 
Observations of small  a reas  on the  d i s c  suggest a  very s$rong 
opposi t ion e f f e c t  f o r  S y r t i s  Major; t h e  ex ten t  js somewhat 
s i m i l a r  t o  t h e  lunar  case ,  
We a l s o  confirm a  13% absorption f e a t u r e  near  L,Oy i n  
the  r a t i o  spectrum S y r t i s  M a j o r / ~ r a b i a .  Contrary t o  e a r l i e r  
analyses ,  t h e  co lo r  of S y r t i s  Major/Ara;bia appears t o  have 
changed from previous observat ions such t h a t  the  b r igh tness  
c o n t r a s t  i s  g r e a t e r  i n  t h e  red and near - inf rared  than at 
s h o r t e r  wavelengths. 
More observat ions a r e  needed t o  v e r i l y  the  pronounced 
opposi t ion e f f e c t  of S y r t i s  Major and i t s  poss ib le  co lo r  
change. Fur ther  o p t i c a l  s t u d i e s  of oxidized b a s a l t s  i n  t h e  
l abora to ry  w i l l  be h e l p f u l  i n  determining whether d i f f e r e n -  
t i a l  p r o p e r t i e s  of Martian dark and b r i g h t  a reas  may be due 
t o  p a r t i c l e  s i z e  modulation, exten* of oxidat ion,  miqro- 
s t r u c t u r e ,  composition, o r  som combination of these  f a c t o r s ,  
INTRODUCTION 
During t h e  1969 appar i t ion  of Mars, one of up (OtLeary) 
made photometric measurements of the  p lane t  near the  opposi- 
t i o n  i t s e l f  from Cerro Tololo Observatory i n  Laserenit,  Chi le .  
The ob jec t ives  of the  observat ions were t o :  confirm t h e  
exis tence  and p r o p e r t i e s  of a non-l inear  surge i n  br ightness  
of the  p lanet  toward zero phase a t  very small  phase angles 
( t h e  "opposi t ion e f f e c t " ) ,  determine the  zero phasq ma@- 
tude of Mars i n  the  1969 opposi t ion,  i n v e s t i g a t e  the  p l a n e t ' s  
r o t a t i o n a l  l i g h t  curve, attempt t o  d i f f e r e n t i a t e  between t h e  
opposi t ion e f f e c t s  of dark a reas  and b r i g h t  a reas ,  and study 
t h e  s p e c t r a l  dependence of the  r e f l e c t i v i t i e s  of S y r t i s  Mador 
and Arabia between 0.80 and 1 . 1 5 ~ .  We descr ibe the  motiya- 
t i o n  behind these  ob jec t ives  i n  the  following  paragraph^. 
The opposi t ion e f f e c t  property i s  common to a l l  d i f f u s e l y  
r e f l e c t i n g  mate r i a l s ,  and i t s  ex ten t  v a r i e s  widely from sam- 
p l e  t o  sample. For example, i t  i s  well-known t h a t  the  Moon 
e x h i b i t s  a  very s t rong opposi t ion e f f e c t  f o r  phase angles 
a < 5' (Barabashev, 1922; Wildey and Pohn, 1964; Gehrels, 
Coffeen and Owings, 1964; van Diggelee, 1965) .  The r q ~ s t  
widely accepted i n t e r p r e t a t i o n  of the  pronounced lunar  oppo- 
s i t i o n  e f f e c t  i s  an i n t r i c a t e  three-dimensional ( " f a i r y  
c a s t l e " )  s t r u c t u r e  of the  f ine-grained lunar  ma te r i a l  (Hapke, 
1963) .  Such a  s t r u c t u r e  would be a t  l e a s t  p a r t l y  due t o  
micrometeoroid bombardment and/or exposure af the  lunar  su17- 
f a c e  t o  the  s o l a r  wind. 
It i s  the re fo re  i n t e r e s t i n g  t o  apply t h i s  ana lys i s  t o  
the  case of Mars: i s  i t s  opposi t ion e f f e c t  a s  pronounced 
as  the Moon's o r  i s  i t  more t y p i c a l  of some t e r r e s t r i a J .  sub- 
s tances?  Which mate r i a l s  may be ru led  out  a s  predominant 
coverings f o r  the  Martian sur face  because of l a r g e  d i ~ c r e p -  
ancies  i n  t h e  opposi t ion e f f e c t ?  A c l eay  d e f i n i t i o n  of t h e  
Martian opposi t ion e f f e c t  would add a  s i b n i f i c a n t  p iece  of 
i n f  o ~ m a t i o n  i n  a t  tempts t o  i d e n t i f y  s ~ r f d c e  c o m ~ o s i t i o n  and 
s t r u c t u ~ e .  
One problem wi th  measuring t h i s  proper ty  of Mars i s  
t h a t  t h e  p lane t  r a r e l y  passes  through s u f f i c i e n t l y  small  
phase angles  because of t h e  i n c l i n a t i o n  of i t s  o r b i t  t o  t h e  
e c l i p t i c  plane.  In  the t h i r t y  years  preceding the  1967 
appar i t ion ,  phase angles  l e s s  than '2' were achieved a t  only 
t h r e e  oppos i t ions .  Fortunately,  both the  1967 and 1969 
0 
opposi t ions provided very small minimum phase angles-1 .2  
and 1" respec t ive ly .  
In  1967 a  moderate opposi t ion e f f e c t  was observed 
( O t  Leary, 1967a; Bugaenko,  oval', and Morozhenko, 1967 ) ; i t s  
exis tence  i s  a l s o  suggested from previous obgervations (de 
Vaucouleurs, 1968) .  The extent  of the  Martian opposi t ion 
e f f e c t  was found t o  be much l e s s  than those f o r  the  Moon and 
f o r  seve ra l  f e r r i c  oxides inves t iga ted  i n  t h e  labora tory  
(o tLeary ,  1967b; OtLeary and Rea, 1968) .  These data ,  when 
combined wi th  o the r  comparisons between the  o p t i c a l  proper- 
t i e s  of Mars and l abora to ry  samples, l ed  Rea and OtLeary to 
conclude tl7at the predominant covering for the Martian sur- 
face is not limonite, goethite or hematite. 
Another interesting aspect of the Martian opposition 
effect is the role of aerosols in its atmosphere. The anomo- 
lously large effect observed in the blue pnd ultraviolet, 
if caused by an atmospheric effect, cannot be explained simply 
by Raleigh scattering by molecules; one must resort tq aer- 
osols (OtLeary 1967a and b; 0' Leary and Rea, 1968, Mead, 
1970) * 
The major purpose of the 1969 observations described 
herein is to confirm and to characterize further the Martian 
opposition effect. Byproducts of the observations are dif- 
ferentiation between the opposition effects of the dark and 
bright areas, the determination of the ~bsolute photometric 
parameters of Mars near apposition, and a study of the ratio 
of brightnesses of Syrtis Major to Arabia near one micron as 
campared with earlier observations (McCord, 1969; McCord and 
Adams, 1969). None of these additional objectives had been 
accomplished during the 1967 observations because poor ob- 
serving conditions prevented isolating small areas for 
photometric meaeurements , 
THE OBSERVATIONS 
- 
The observat ions were made a t  the  Cerro Tololo 36-inch 
te lescope  during the  1969 opposi t ion i n  l a t e  May and e a r l y  
June, The a v a i l a b l e  c l e a r  n i g h t s  of observat ion corresponded 
0 t o  Martian phase angles ranging between 1.3 and 305. An 
RCA 7102 photomul t ip l ie r  tube-coldbox asserribly was used i n  
conjunct ion wi th  a  s e r i e s  of in te r fe renoe  f i l t e r s  whose wave- 
l eng ths  and bandwidths a re  l i s t e d  i n  Table I, The seeing 
was occas ional ly  outs tanding (5 1 second of a r c ) ,  which per -  
mi t ted  study of small  a reas  such a s  S y r t i s  Ma j~ r  and Arabia 
w i t h  a 1 arc-second diaphragm. These small a r e a  s t u d i e s  were 
performed i n  two ways: (1) scans across  t h e  Martian d i s c  
and ( 2 )  i s o l a t i o n  of S y r t i s  Major and Arabia. There i s  ob- 
viousqy g r e a t  d i f f i c u l t y  i n  obta in ing  accura te  photometric 
inf'ormation ~f  a  small a rea  on a  p lane t .  Although S y r t i s  
Major was 2 t o  3 seconds of a r c  i n  s i z e ,  the  br ightness  
v a r i e s  wi th in  the  region, wi th  the  r e s o l u t i o n  due t o  seeing 
changieg from moment t o  moment, Nevertheless, i n  times of 
e x c e l l e n t  seeing, it was poss ib le  t o  i s o l a t e  t h e  darkes t  
region wi th in  S y r t i s  Major (chosen i n  such a  way a s  t o  
minimize t h e  d e f l e c t i o n  observed on the  s t r i p  c h a r t  r ecorde r ) ,  
and t o  dwell on such an a r e a  f o r  a  minute o r  two without  an 
apprec iable  change i n  b r igh tness .  In  t h i s  way, i t  was occa- 
s i o n a l l y  poss ib le  t o  run through seven f i l t e r s  a t  wavelengths 
between 0.80 and 1.15~ and repea t  the  same measurements w i t h  
a high degree of accuracy. 
-4- 
The major program was full disc photometry in 4 colors 
(Table I), These observations did not depend on seeing, 
and, providing the wea,ther wa,s clea,r, it was possible to ob- 
serve the entire disc a,t preplanned tiines each evening corre~ 
sponding to 15-degree intervals in Martian central meridians, 
or about 1 hour intervals in time. Such planning was neces- 
sary because of the well-known changes of Martian brightness 
with its rotation. The observa,tlions could then be compared 
from night to night to derive the opposition effect in a 
manner somewhat similar to that described earlier (OILeary, 
1967b) 
Each observation consisted of taking three one-second 
integrations of the brightness of Mars-plus-sky and sky in 
each color, monitoring the brightness of a radium standard, 
repeating the process for a comparison star, repeating it 
again for Mars, and going to another comparison star. The 
use of the radium qtandard allowed us to correct for short- 
term fluctuations in the reqponse of the photometric appara- 
tus, The comparison stars used were a Sco and 0 Sco. It 
was noticed that a Scols brightness had varied since Johnsoqls 
observations of its standard magnitude (Johnson -- et al, 1966). 
Absolute magnitudes of a Sco for the period of the 1969 Mars 
observations were determined by comparing several measure- 
ments or a Sco with 0 $co and uging Johnson1 s values of 
0 Sco as an absolute standard, We found no evidence that 
brightness of a Sco varied over the five-day period of the 
1969 Mars observations. 
We used mean extinction coefficients for Cerro Tololo; 
large errors in these values during any given night would 
introduce only minor errors in the derived magnitude of Mars 
because of the proximity of these stars to Mars in the sky. 
Second-order extinction was negligible because of the narrow 
bandpass of each filter, 
The "absolute" magnitudes of Mars, i. e , magnitude re- 
duced to unit distance from the Earth and Sun, M, were de- 
termined by standard photometric reduction procedures (Hardie, 
1962; OILeary, 1967b) : after extinction corrections, the 
magnitudes and colors of Mars are compared to those of the 
comparison star and transformed to the standard UBVRI system 
by means of transformation coefficients determined by observ- 
ing several standard stars near the zenith (The Arizona- 
Tonantzintla Catalogue, 1965; Johnson -- et al, 1966). Unlike 
the 1967 case, the 1969 observations produced only small 
transformation errors, and the actual values of the derived 
Martian magnitudes are expected to be accurate to -0.01 mag. 
in B, V and R, The observations at 1 . 2 ~  were not transformed 
to a standard system, because magnitudes for the standard 
stars are not available. Therefore, the I" magnitude scale 
is arbitrary. 
The observed apparent Martian magnitudes, m, were 
changed to "absolute" magnitudes, M, by the equation: 
M = m - 5  log  r d - 2 . 5  log  f ( a )  
where r i s  Mars1 d i s t ance  from the  Sun, d  i s  Marsr d i s t ance  
from t h e  Earth,  and f ( a )  i s  t h e  f r a c t i o n  of tfie i l luminated  
d i s k  as a  funct ion  of phase angle .  A t  a = o', M becomes t h e  
"opposi t ion magnitudet', ~ ( 1 , 0 ) ,  t he  magnitude of Mars a t  
oppos i t ian  reduced t o  u n i t  d i s t ance  from t h e  sun and e a r t h  
(Harr i s ,  1961) .  
RESWTS: FULL DISK STUDIES 
Values of t h e  absolu te  magnitude of Mars versus c e n t r a l  
meridian, hc, a r e  p l o t t e d  i n  Figure 1 f o r  each n igh t  of ob- 
se rva t ion .  A s  we mentioned e a r l i e r ,  t he  observat ions were 
purposely c l u s t e r e d  a t  15' i n t e r v a l s  and each d a t a  poin t  i s  
an average f o r  each c l u s t e r ,  A s  would be expected, t h e  
b r igh tness  of Mars v a r i e s  wi th  i t s  r o t a t i o n ;  $he amplitude 
of t h e  v a r i a t i o n  i s  roughly 0.15 mag. a t  0 . 5 5 ~ .  It i s  i n -  
t e r e s t i n g  t o  compare r o t a t i o n  curves from opposi t ion t o  
opposi t ion t o  check t h e  amplitude of t h e  v a r i a t i o n  a s  a  funo- 
t i o n  of the  aspect  of t h e  Martian po la r  a x i s  a s  seen from 
Ear th .  Table I1 shows the  t a b u l a t i o n  of ae rocen t r i c  dec l ina-  
t i o n  of the  Earth,  DE, versus r o t a t i o n  curve amplitude i n  V 
magnitude, AV = V ( h c  = 180°) - V ( h c  = 270'). The 1969 r e -  
s u l t s  show a  s l i g h t l y  g r e a t e r  r o t a t i o n a l  br ightness  va r i a -  
t i o n  than would be expected from e a r l i e r  observat ions,  bu t  
t h e  agreemept i s  s t i l l  reasonable i n  view of expected long- 
term v a r i a t i o n s  of f e a t u r e s  on the  Martian d i s c .  
This stronger-than-expected r o t a t i o n a l  dependence i s  
most l i k e l y  a t t r i b u t a b l e  t o  the  presence of clouds i n  t h e  
Martian atmosphere, The reason f o r  be l i ev ing  t h i s  t o  be t h e  
case  i s  t h a t  observat ions i n  the  b lue  (Fig .  1) show a  r o t a -  
t i o n a l  v a r i a t i o n  of - 0 . 1  mag,, considerably g r e a t e r  than has 
been previous ly  repor ted  ( e  , g . ,  O t  Leary, 1967b). Though a  
s l i g h t  sur face  c o n t r a s t  between dark and b r i g h t  a reas  was 
observed i n  t h e  b lue  during the  1969 o b s e r v a t i ~ n s ,  t h i s  a -  
lone would not  be s u f f i c i e n t  t o  expla in  such a  l a r g e  va r i a -  
t i o n  i n  Martian b r igh tness  wi th  r o t a t i o n .  
The next s t e p  i n  the  reduct ions  was t h e  determination 
of t h e  Martian opposi t ion e f f e c t .  Unfortunately,  circum- 
s tances  p r e v e ~ t e d  observat ions t o  be made a t  phase angles  
g r e a t e r  than 3?5, but  t h e r e  were s t i l l  a  s u f f i c i e n t  number 
of d a t a  p o i n t s  t o  der ive  the  opposi t ion e f f e c t  wi th  reason- 
ably  high p rec i s ion .  Table 111 l i s t s  t h e  phase angles covered 
each n i g h t .  Each phase curve was derived by performing a 
l i n e a r  i n t e r p o l a t i o n ,  i f  necessary,  between po in t s  on Fig .  1 
f o r  those va lues  of Martian magnitude a t  hc = 210°, 225', 
240°, 270° and 285' f o r  each phase angle .  Using t h e  method 
of l e a s t  squares a  s t r a i g h t  l i n e  was f i t  t o  magnitude v s ,  
phase angle f o r  each h e .  It was then poss ib le  t o  obta in  
va lues  of the  magnitude a t  a = 0' and t h e  s lope of t h e  phase 
funct ion .  Although t h e  s lope i s  no t  s t r i c t l y  l i n e a r  between 
a - 305 and 1 :~  because of the  opposi t ion e f f e c t  i t s e l f ,  t h e  
b e s t  f i t  i s  c lose  enough t o  a  s t r a i g h t  l i n e  f o r  the  purposes 
of t h i s  d i scuss ion ,  The ext rapola ted  zero phase magnitudes, 
~ ( 1 , 0 ) ,  f o r  each c e n t r a l  meridian appear i n  f i g u r e  I-, 
Table IV t a b u l a t e s  the  values of the  phase funct ion 
s lopes  between a = 102 and 3:5 and t h e i r  probable e r r o r s .  
It i s  immediately apparent t h a t  t h e r e  i s  a, tendency f o r  the  
opposi t ion e f f e c t  t o  be g r e a t e r  f o r  those observat ions which 
include s e v e r a l  dark a reas  ( h c  = 270' and 285') than those 
which emphasize b r i g h t  a reas  ( A c  = 210'). We the re fo re  suq- 
g e s t  t h a t  t h e  Martian dark a reas  have a  g r e a t e r  opposi t ion 
e f f e c t  than t h e  b r i g h t  a reas ;  t h i s  behavior can be expected 
from previous analyses  which show an inverse  r e l a t i o n  be- 
tween the  albedo of a  substance and i t s  opposi t ion e f f e c t  
(OILeary and Rea, 1968) .  
Table V shows t h e  mean s lopes  of t h e  phase funct ion  
0 0 f o r  each co lo r  between a = 1.3  and 3.5. We derived these  
mean s lopes  by weighting s lopes  f o r  each hc by the  square 
of the  inverse  of t h e  e r r o r  of the  ind iv idua l  s lopes .  The 
derived s lope values i n  Table V a r e  not  c r i t i c a l l y  dependent 
on the  weighting technique; the  maximum uncer t a in ty  i n  these  
values i s  about l o % ,  There i s  no quest ion of t h e  exis tence  
of a  Martian opposi t ion e f f e c t ;  i n  f a c t ,  i t  i s  more pro- 
nounced by about 30% than t h a t  observed i n  1967, and 3 t o  4 
t imes s t eeper  (depending on c o l o r )  than the  well-known l i n e a r  
pndse c u l v e  Tor a 2 15O. The apparent discrepancy between 
t h e  1967 and 1969 o - ~ s e ~ v a t s o n s  can probably be explairied by 
0 
uncertainties i n  t h e  phase curve s lope f o r  a 5 3 i n  t h e  1967 
observat ions,  and t h e  f a c t  t h a t  the  1969 obser.va,tions encom- 
pa,ssed more dark a reas  than  the  196'7 observat ions ,  
Tables IV and V a l s o  l i s t  values of 1 ~ ( 1 , O )  obtained 
f o r  the  1969 oppos i t ion ,  T'ne mean values i n  Table V were 
found t o  be Intermediate between t h e  values d-erived from t h e  
1967 opposi t ion e f f e c t  measurements, and those values de- 
duced from previous observat ions ( ~ a r r i s ,  1.961; de Vaucouleurs, 
1964) without considering the  opposi t ion ef f e e t .  This seemed 
somewhat s u r p r i s i n g  i n  view of the  apparent ly more pronounced 
opposi t ion e f f e c t  i n  1969 then i n  1967; one would expect 
~ ( 1 ~ 0 )  f o r  Mars t o  be b r i g h t e r ,  not  f a i n t e r ,  i n  1969. There 
a r e  probably severa l  reasons f o r  t h e  discrepancy of some O,$3 
t o  0.16 magnitude: (1) the  1967 observat ions were centered 
a t  hc = 180' whereas t h e  1969 observat ions were centered a t  
hc = 240°, where Mars i s  severa l  hundredths of a magnitude 
darker ,  ( 2 )  a c u r v i l i n e a r  r a t h e r  than l i n e a r  ex t rapo la t ion  
of t h e  1969 da ta  would y i e l d  b r i g h t e r  magnitudes, (3)  the  
f i t t i n g  of t h e  1967 curves t o  the  l i n e a r  phase curve f o r  
a 2 15' could have been i n  e r r o r  by a s  much a s  .03  mag. 
( O l ~ e a r y  1967a and b ) ,  and ( 4 )  Mars may have been i n t r i n s i -  
c a l l y  f a i n t e r  i n  1969 than i n  most previous opposi t ions be- 
cause of seasonal  and meteorological v a r i a t i o n s  ( f o r  example, 
t h e  s i z e  of the  po la r  cap i n  the  1969 opposi t ion was very 
s m a l l ) .  Harr i s  (1961) has repor ted  br ightness  v a r i a t i o n s  
of up t o  0 ,18  mag, between oppos i t ions ,  
The perplexing quest ion a , r ises ,  a t  which i n t e r v a l s  of 
Martiam r o t a t i o n ,  a t  what p o s i t i o n  ol' i t s  po la r  a x i s  with 
r e s p e c t  t o  t h e  observer,  and durlng which Martian season does 
one def ine  ~ ( 1 ~ 0 ) ~  T h i s  ql-zestion i s  important from t h e  po in t  
of view of de r iv ing  t h e  geometric albedo and o the r  photo- 
met r ic  parameters of Marzbs, and has not  been r a i s e d  i n  any 
d e t a i l  i n  t h e  previous l i t e r a t u r e .  Perhaps a  procedure could 
be adopted whereby standard r o t a t i o n a l - l i g h t  curves of Mars 
can be r e l a t e d  t o  a  given observation; the  s tandard curve 
would y i e l d  a  mean value of magnitude i n t e g r a t e d  over t h a t  
r o t a t i o n ,  The complications a r e  numerous, however: a s  Table 
I1 shows, t h e  amplitude of t h e  s tandard curve between two 
s e l e c t e d  hc can vary from 0.08 t o  0.15, depending on the  
aspect  of t h e  Martian po la r  a x i s  wi th  r e spec t  t o  t h e  observer,  
and t h e  Martian b r igh tness  may i n t r i n s i c a l l y  change because 
of seasonal  and meterological  phenomena ( e , g . ,  po la r  cap 
s i z e ) .  
Our conclusion i s  t h a t  any zero phase magnitude of Mars 
determined during a  given appar i t ion  could conceivably dis- 
agree wi th  previous observat ions by  a s  much a s  0.2 mag. A 
l a r g e  e r r o r  bar  must be put on t h e  predic ted  geometric albedo 
of the  p lanet  f o r  any f u t u r e  observat ions,  say, from a space- 
c r a f t  experiment, although t h e  photometric parameters revised 
by OfLeary (196-(3,, 196711) a r e  probably c o r r e c t  t o  wi th in  a 
few hundredths of a magnitude f o r  the  mean case which i s  
determined from measurements made during many previous 
a p p a r i t i o n s .  
RESULTS: SMALL AREA STUDIES 
--- -- 
Several  scans were made across  t h e  Martian d i s c  wi th  a 
one arc-second dia,phragm, Figure 2 shows a typ ica l  s e t  of 
scans,  smoothed over t o  e l iminate  ampl i f i e r  noise ,  made a t  
wavelengths ranging from 0.35 t o  1 . 2 ~ .  The scans were made 
i n  r i g h t  ascension roughly along t h e  Martian equator and 
were s e t  i n  such a way t o  pass  through t h e  darkes t  a r e a  wi th-  
i n  S y r t i s  Major (scans were repeated t o  make c e r t a i n  the  
darkes t  a r e a  was wi th in  each s c a n ) .  The l a r g e  maxima i n  t h e  
scans represents  t h e  b r i g h t  a r e a  Arabia, whose r e f l e c t i v i t y  
values i n  F ig .  2 were est imated i n  terms of t h e  expected 
normal albedo from previous d a t a  (OtLeary, 1967a and b; 
OtLeary and Rea, 1968; McCord, 1969; McCord and Adams, 
1969) " 
The reduct ion i n  c o n t r a s t  between b r i g h t  and dark a r e a s  
toward s h o r t e r  wavelengths i s  well-known, bu t  it i s  i n t e r e s t -  
ing  t o  compare the  r a t i o s  of i n t e n s i t i e s  of Arabia t o  Syr-bis 
Major, Rh, wi th  those obtained from e a r l i e r  observat ions 
(Younkin, 1966; McCord, 1969; McCord and Adams, 1969).  Dur- 
ing  t h e  1967 a p p a r i t i o n  McCord and Adams found t h a t ,  f o r  a 
given Martian phase angle  and da te ,  a s i n g l e  " f i t t i n g  f a c t o r " ,  
@, could be ~ n u l t i p l i e d  by  t h e i r  values of R, between 0.4 and 
/ \  
0.81.1, t o  coLncide exac t ly  with those values determined e a r v  
l i e r  by YounkLn (1966).  In  o the r  words, t h e r e  was no indf  - 
c a t i o n  of co lo r  change with Martian season; only albedo 
changes were observed, During t h e  passage of t h e  Martian 
darkening wave through S y r t i s  MaJ'or i n  1967, the  value of 
f  was 0.88 and one month l a t e r  i t  became 1 ,06 .  There was 
no apparent r e l a t i o n  between R and phase angle i-n McCord's A 
observat ions,  but  t h e  i n t e r p r e t a t i o n  of -the observat ions i s  
clouded by seasonal  changes i n  S y r t i s  Major. Moreover, t h e  
region of t h e  opposi t ion e f f e c t  was not  encompassed, 
It i s  i n t e r e s t i n g  t o  compare our 1969 values of R wi th  A 
e a r l i e r  observat ions.  Values of RA a t  0.45 and 0 . 5 5 ~  de- 
r ived  from Figure 2 i n d i c a t e  a c l o s e  match t o  Younkinfs curve 
(Younkin, 1966), wi th  f  = 1.03.  These observat ions were 
made on June 3, wi th  Mars a t  a phase angle of 2?77. However, 
observat ions between wavelengths 0.80 and 1 . 1 5 ~ ~  t o  be d i s -  
cussed l a t e r ,  show the  f i t t i n g  f a c t o r  f o r  t h a t  n igh t  t o  be 
f - 1.08 .  In  o ther  words, t h e  c o n t r a s t  between S y r t i s  Major 
and Arabia was g r e a t e r  i n  the  near - inf rared  than expected 
from previous observat ions,  and t h e r e  seemed t o  be a co lo r  
change i n  one or  the  o ther  a r e a  between e a r l i e r  Martian 
appar i t ions  and the  1969 one, 
We next  look a t  the  dependence of RA on the  opposi t ion 
e f f e c t .  Figure 3 shows t h r e e  near - inf rared  scans across  
S y r t i s  Major and Arabia a t  phase angles  1035 ( ~ a y  31), 1050 
(June 1) and 2077 ( ~ u n e  3): fiornialized t o  a r e f l e c t i v i t y  of 
149% f o r  Arab ia ,  In spec t ion  of Figure  3 sugges t s  t h a t  t h e  
c o n t r a s t  between S y r t i s  Major and Arabia i nc reased  away from 
oppos i t i on ,  i . e ,  t h e  oppos i t i on  e f f e c t  of S y r t i s  Major was 
g r e a t e r  t han  t h a t  f o r  Arabia .  This i s  i n  agreement w i t h  our  
a n a l y s i s  of f u l l  d i s c  photometry showing t h e  oppos i t i on  
e f f e c t  of t h e  Martian dark  a r e a s  t o  be g r e a t e r  t han  t h a t  f o r  
t h e  b r i g h t  ayeas ,  
The d i f f e r e n c e  i n  dM/da impl ied by F igure  3 i s  A(dM/da) -- 
0 . 1  mag./deg., a  s i z a b l e  increment i n  t h e  s lope  o f  t h e  oppo- 
s i t i o n  e f f e c t  from t h e  mean f u l l  d i s c  va lue  of d ~ / d a  -- 0 . 0 3  
mag./deg, a t  1 . 2 ~ ~  Such a l a r g e  s lope  f o r  S y r t i s  Major would 
make i t s  oppos i t i on  e f r e c t  comparable t o  t h e  Moon's. 
How do t h e s e  r e s u l t s  compare q u a n t i t a t i v e l y  w i t h  t h e  
f u l l  d i s k  s t u d i e s ?  In spec t ion  of Table I V  i n d i c a t e s  t h a t  
such a l a r g e  d i f f e r e n c e  i n  oppos i t i on  e f f e c t s  of dark and 
b r i g h t  a r e a s  may be r e a l :  t h e  s lope  of  t h e  f u l l  d i s c  phase 
curve s t eepens  some 0 .01  t o  0.02 mag./deg. when S y r t i s  Major 
and o t h e r  dark  a r e a s  come i n t o  f u l l  view ( h e  = 270' and 
285') w i t h  r e s p e c t  t o  p r i o r  p o s i t i o n s  of r o t a t i o n  a t  hc = 
210' and 225'. The i m p l i c a t i o n  he re  i s  t h a t  a va lue  of 
A ( d ~ / d a )  -- 0 . 1  mag,/deg, f o r  t h e  Arab ia -Syr t i s  Major p a i r  
must be degraded by a f a c t o r  of 5 t o  1 0  t o  mimic t h e  f u l l -  
d i s c  phase curve s lope  d i f f e r e n c e s  between A, = 210' t o  285O. 
This  range i n  degrada t ion  f a c t o r s  from a r e a  p a i r s  t o  f u l l  
d i s c  encompasses t hose  va lues  es t imated  from bo th  prev ious  
observat ions (OtLeary and Rea, 1968; McCord and Adams, 1969) 
and the  p resen t  observat ions.  It i s  the re fo re  encouraging 
t h a t  two independent measures of opposi t ion e f f e c t  d i f f e r e n c e s  
between dark and b r i g h t  a reas  a r e  i n  q u a n t i t a t i v e  accord.  
I n  t h e i r  1967 f u l l  d i sc  s t u d i e s  OfLeary (1967b) and 
OtLeary and Rea (1968) d id  not  d e t e c t  any appreciable  d i f -  
ference between the  opposi t ion e f f e c t s  of b r i g h t  and dark 
a reas .  But a t  0 . 8 3 ~ ~  t h e r e  was a  suggest ion t h a t  the  phase 
0 
curve s lope between a = 3 and 7' was .005 mag./deg. g r e a t e r  
f o r  A, -- 210' (which includes some dark a r e a s )  than f o r  hc - 
150' (predominantly b r i g h t  a r e a s ) .  The f a c t  t h a t  t h e  1967 
observat ions were l e s s  p rec i se ,  made ou t s ide  t h e  major por- 
t i o n  of t h e  opposi t ion e f f e c t ,  and t h e  f a c t  t h a t  S y r t i s  
Major had no t  been included tend t o  argue aga ins t  r e l y i n g  
on them f o r  such a  s u b t l e  d i f f e rence .  
We performed f u r t h e r  s t u d i e s  of S y r t i s  Major and Arabia 
wi th  t h e  one-second a r c  diaphragm through a  s e r i e s  of f i l -  
t e r s  running from 0.80 and 1 . 1 5 ~ .  Figure 4 shows the  r e s u l t -  
ing  p l o t  of t h e  r a t i o  l / R h ,  of S y r t i s  Major i n t e n s i t y  t o  
Arabia i n t e p s i t y ,  versus wavelength. We p l o t  Younkinfs 
p o i n t s  f o r  Comparison (Younkin, 1966) .  The general  agree- 
ment i n  the  shapes of the  curves i s  good; t h e  1969 observa- 
t i o n s  confirm a  drop i n  r e f l e c t i v i t y  of S y r t i s  Major wi th  
r e spec t  t o  Arabia from 0 .8  t o  1 . 0 ~  of -13%. McCord and 
Adams (1969) have suggested t h a t  t h e  1 . 0 ~  absorpt ion band 
evident  i n  t h e  spectrum of S y r t i s  Major may be a t t r i b u t a b l e  
t o  Important d i f f e rences  i n  t h e  composition of ma te r i a l s  
covering t h e  dark and b r i g h t  a reas ;  t h e  r o l e  of oxidized 
b a s a l t s  may be a  s i g n i f i c a n t  f a c t o r ,  
The most i n t e r e s t i n g  aspect  of Figure 4 i s  t h a t ,  once 
agajn,  t h e  c o n t r a s t  between S y r t i s  Major and Arabia ig g r e a t e r  
somewhat away from opposi t ion ( a  = 2?7-7) than near  opposi t ion 
0 0  We again suggest t h a t  t h e  opposi t ion e f f e c t  of (a = 1.' 
S y r t i s  Major i s  g r e a t e r  than t h a t  of Arabia, The f i t t i n g  
f a c t o r ,  f ,  t o  b r i n g  our r e s u l t s  i n t o  accord wi th  Younkin's 
i s  1 .00  f o r  a = 1?50 and 1 .08  f o r  a = 2 3 7 ,  Therefore,  a  
t h i r d  technique i n d i c a t e s  t h a t  t h e  opposi t ion e f f e c t  of 
S y r t i s  Major i s  ~ ( d ~ / d a )  -- 0 . 1  mag./deg. g r e a t e r  than t h a t  
of Arabia. 
There i s  one f i n a l  po in t  t o  make concerning t h e  apparent 
s teepness  of t h e  opposi t ion e f f e c t  of S y r t i s  Major: t h i s  
phenomenon only occurs f o r  observat ions made i n  t h e  red and 
nea r - in f ra red .  Table I V  shows t h e  d i f fe rences  i n  t h e  f u l l  
d i s k  phase curve s lope,  from A, = 210' and 225' t o  A c  = 270' 
and 285O, t o  be ~ ( d ~ / d a )  -- 0.01 t o  0.02 mag./deg, a t  1 . 2 ~ ~  
-- 0.006 mag. /deg . a t  0 .  TOW,  and n e g l i g i b l e  i n  t h e  blue and 
green. Even between 0 . 8 0 ~  and 1 . 1 5 ~ ,  t h e  opposi t ion e f f e c t  
of S y r t i s  Major seems t o  steepen toward longer wavelengths 
(F ig .  4 ) .  This may a l s o  expla in  t h e  e a r l i e r  observat ioq 
t h a t  a  s t eeper  opposi t ion e f f e c t  curve occurred f o r  dark 
a reas  than f o r  b r i g h t  a reas  a t  0,83y, but  not  a t  s h o r t e r  
wavelengths (01 Leary 1967b; O t  Leary and Rea, 1968) .  However, 
t h i s  does n o t  ex-plain the  f a c t  t h a t  OYLeary and Rea d i d  no t  
d e t e c t  any d i f fe rences  in opposi t ion e f f e c t s  between b r i g h t  
and dark a reas  a t  1.05y, although the  e r r o r s  i n  such obser? 
va t fons  were a,bout a s  g r e a t  a s  t h e  e f f e c t  which was sought,  
DISCUSSION 
- 
Accurate photometry of the  in teg ra ted  d i s c  of Mars dur- 
ing  t h e  1969 appar i t ion  confirmed the exis tence  of a  moder- 
a t e  opposi t ion e f f e c t  which had been repor ted  f o r  previous 
appar i t iops  (O'Leary, 1967a, Bugaenko -- e t  a l , 1967, de 
Vaucouleurs, 1968) .  A s  before,  t h e  e f f e c t  was s t ronger  i n  
t h e  blue than i n  t h e  red and near - inf rared ,  but  i n  a l l  cases ,  
a t  about 2' phase angle,  t h e  s lope  of t h e  phase curve s teep-  
ened by a  f a c t o r  of 3 t o  4 from the  well-known l i n e a r  phase 
curve of Mars f o r  phase angles  between - - 1 5 O  and 4 5 O .  
The qpparent l a c k  of an opposi t ion e f f e c t  i n  1965, 
repor ted  by I r v i n e  -- e t  a1 (1968), can probably be explained 
by t h e  f a c t  t h a t  t h e i r  minimum phase angle  was g r e a t e r  (204) 
and t h e i r  e r r o r  s c a t t e r  was l a r g e r  ( 4 - 0 5  mag. ) . Neverthe- 
l e s s ,  t h e i r  d a t a  do suggest the  s l i g h t  onset  of an opposi- 
t i o n  e f f e c t  between a = 5 O  and 2?4. I n  any case,  the  1969 
observat ions leave  l i t t l e  doubt t h a t  a  r ecur ren t  Martian 
opposi t ion e f f e c t  does e x i s t .  Opposition e f f e c t s  a r e  appre- 
c i a b l e  f o r  nea r ly  a l l  t e r r e s t r i a l  samples, even including 
t h e  standard d i f f u s e  r e f l e c t o r  magnesium oxide (Oetking, 
1966; O s  Leary, 1967h; O Y  Leary and Rea, 1968),  and any lack  
of a measurable opposi t ion e f f e c t  of a  p lane ta ry  sur face  
would be very s u r p r i s i n g .  
Though t h e  1969 opposi t ion e f f e c t  was s l i g h t l y  s t ronger  
than  the  1967 oppos i t ion  e f f e c t ,  i t  i s  not  near ly  s t rong 
enough t o  be compatable wi th  a  predominant covering of t h e  
Martian sur face  by a f e r r f c  oxide powder such a s  l imoni te  
o r  g o e t h i t e  (OlLeary, 1967b; OfLeary and Rea, 1968) .  
On t h e  o the r  hand, the  opposi t ion e f f e c t  of S y r t i s  Major 
appears t o  be very s t rong -- comparable i n  degree t o  the  lunar  
opposi t ion e f f e c t  and g r e a t e r  than t h a t  of most t e r r e s t r i a l  
substances measured i n  the  l abora to ry .  This r a i s e s  i n t e r e s t -  
ing  quest ions about the  s t r u c t u r e  and composition of t h e  
Martian dark a r e a s :  i s  t h e r e  a  complex, three-dimensional 
micros t ruc ture  i n  t h e  sur face  ma te r i a l  a s  i n  the lunar  case,  
and, i f  so, what phys ica l  process would cause t h i s  s t r u c t u r e ?  
Micrometeroid bombardment and t h e  s o l a r  wind must be ru led  
out s ince  n e i t h e r  can pene t ra te  the  Martian atmosphere, We 
d i scuss  okher p o s s i b i l i t i e s  i n  t h e  following paragraphs.  
It has been suggested t h a t  a modulation i n  p a r t i c l e  s i z e  
may expla in  t h e  d i f fe rence  i n  albedo between b r i g h t  and dark 
a reas  wi th  the  l a r g e r  p a r t i c l e s  covering the  dark a r e a s .  
Rea (1964), Sagan and Pol lack (1966), and Pol lack and Sagan 
(1967) have discussed t h i s  p o s s i b i l i t y  f o r  l imonite;  
Sa l i sbury  and Hunt (1968), f o r  s i l i c a t e s  s l i g h t l y  s ta ined  or 
coated wi th  f e r r i c  oxides.  
On the  o the r  hand, McCord and Ad.ams (1969) r e j e c t  the 
hypothesis  of aeolia,p t r a n s p o r t  of f iner -gra ined  d e s e r t  sand 
and d i r t  onto and from dark a reas  a s  the  cause of seasonal 
changes i n  the  dark areas ,  because they repor ted  no color  
change between S y r t i s  Major and Arabia during t h e  passage of 
t h e  darkenil2g wave i.11 1967 ; t h e  aeo l i an  hypothesis r equ i res  
t h a t  t h e r e  be seasonal  co lo r  changes a s  we l l  a s  seasonal 
albedo changes. However, t h e  present  observat ions,  per fo~med 
i n  S y r t i s  Major e a r l y  spr ing,  i n d i c a t e  t h a t  a  co lo r  change 
d i d  occur wi th  r e spec t  t o  e a r l i e r  observat ions,  performed i n  
Syrkis  Major l a t e  sp r ing  and e a r l y  summer. The apparent c o l o r  
change i n  1969 was i n  such a  d i r e c t i o n  t o  suggest a  higher 
c o n t r a s t  between S y r t i s  Major and Arabia i n  the  red and near-  
i n f r a r e d  than  a t  s h o r t e r  wavelengths. In  o the r  words, i n  t h e  
aeo l i an  hypothesis,  the  f ine-grained b r i g h t  a r e a  ma te r i a l  
would have been swept c l eaner  from S y r t i s  Major i n  1969 than 
previous ly  observed. Nevertheless, i t  i s  d i f f i c u l t  t o  separ-  
a t e  the e f f e c t s  of season, secu la r  changes, and phase func- 
t i o n ,  so any conclusion about the  cause of observed color  
changes i n  S y r t i s  Major and/or Arabia must remain ten'cative.  
P a r t i c l e  s i z e  modulation i s  not  the  only hypothesis f o r  
explaining d i f fe rences  between dark and b r i g h t  a r e a s .  McCord 
and Adarns (1969) have suggested t h a t  varying degrees of oxi-  
da t ion  i n  s i l i c a t e s  may be respons ib le .  A d a m s  (1968) had 
matched the  i n t e g r a l  r e f l e c t i v i t y  curve f o r  Mars with oxidized 
b a s a l t s ,  and the  1 ,OO-1.05~ minimum i n  the  spectrum of S y r t i s  
Major wi th  respect  t o  Arabia suggests  important d i f f e rences  
i n  t h e  two sur face  ma te r i a l s  (Mc~ord and Adams, 1969) 
I n  any case,  it  now appears a  new datum can be added 
t o  t h e  indiv idual i ty  of t h e  o p t i c a l  p r o p e r t i e s  of S y r t i s  
Major: i t s  pronounced opposi t ion e f f e c t .  Both i t s  albedo 
and opposi t ion e f f e c t  seem t o  mimic c l o s e l y  the  lunar  case,  
bu t  i t s  1 ,OO-1.05~ absorpt ion minimuq i s  displaced appreci-  
ab ly  longward of t h e  0,90-0,951-1. minimum repor ted  f o r  var ious  
a r e a s  on the  Moon ( e . g . ,  McCord and Johnson, 1970; OfLeary 
and Briggs, 1970) .  It i s  poss ib le  t h a t  the  p a r t i c l e  s i z e s  
on Arabia may be s u f f i c i e n t l y  small  t o  wipe out the  1 . 0 0 - 1 . 0 5 ~  
f e a t u r e  which i s  evident  i n  S y r t i s  Major. OrLeary and Briggs 
(1970) measured s i m i l a r  phenomena i n  t h e  0 . 9 0 - 0 . 9 5 ~  f e a t u r e  
i n  Apollo 11 samples; some rock sampleg showed a minimum of 
-20% a s  compared t o  g 53% minimum f ~ r  t h e f ine-grained 
m a t e r i a l  . 
I n  order  t o  understand the  cause of phys ica l  d i f f e rences  
between b r i g h t  and dark a reas  on Mars, we urge t h a t  labora-  
t o r y  measurements be made of the  opposi t ion e f f e c t s  of oxi-  
dized b a s a l t s ,  varying both  p a r t i c l e  s i z e  and s t a t e  of oxi-  
da t ion .  Moreover, f u r t h e r  observat ions of Mars a r e  needed 
t o  v e r i f y  our suggestion of t h e  pronounced opposi t ion e f f e c t  
of S y r t i s  Major. 
Our f i n a l  conment i s  wi th  regard t o  t h e  inf luence  of a e r -  
o s o l s  ~ n d  clouds on the  Martian opposi t ion e f f e c t .  OILeary 
( l967b) ,  OfLeary and Rea (1968),  and Mead ( 1970) suggested 
that atmospheric aerosols, whose scattering intensities are 
most pronounced in the blue and ultraviolet, may account for 
the observation that the onset of a pronolxnced opposition 
effect in only those coLors occurred at larger phase angles 
(a - > 6"). Unfortunately the 1969 observations were performed 
only at a < 3?5, so it is pot possible to either corroborate 
or deny the aerosol hypothesis. 
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TAGLZ 1 
FILTERS USED FOR THE OBSERVATIONS 
F u l l  Disc Stud ie s  
Wavelen$th Bandwidth F i l t e r  (Microns) ( ~ i c r o n s  ) 
- 
Small Area S tud ie s  
TABILX I1 
ROTATION IdAGNITUDE DIFFERENCE BETWEEN 
W O  SELECTED MARTIArJ LONGITUDES 
AV = V(hc = 180')- 
Reference D~ V(hc = 270') 
~ a u  (1914)~ +lo0 0.11 
de Vaucouleurs (1939)& -go 0.15 
Flagstaff (1954)~ o0 0.11 
Flagstaff (1958)' -11° 0.12 
OfLeary and Rea (1968) +20° 0.08 
OfLeary and Jackel (1970) 4-7 O 0.13 
"AS presented by de Vaucouleurs (1964), 
TABLE T I I  
RANGE I N  PHASE ANGLES COVERED 
DURING 'I'HE OBSERVATIONS 
Night ( U .  T . ,  1969) Phase Angles, -- a 
May 31 l?45 - 1?35 
June 1 1?:$5 - 1?50 
June 3 2?50 - 2?75 
June 4 3'170 - 3?55 
TAB13 I V  
PHOTOMETRIC FROPERTIES OF MARS FOR FIVE 
CENTRAIJ MERIDIANS WAR TI-IE 1969 OPPOSITION 
Cen t ra l  Slope of phase Zero Phase 
Color Meridian, A, curve dM/da Magnitude, 
L 
(Mag. /deg . ) a M ( 1 , O )  
I I "  
a The s lope and probable e r r o r s  a r e  determingd by a l i n e a r  l e a s t  
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FIGURE CAPTIONS 
Fig. 1. Ma.lLtian magnj tude versus c e n t r a l  merid-ian during 
four  n i g h t s  of observat ion,  196ga See t e x t  and 
t a b l e s  f o r  f u r t h e r  explanat ion ,  
F ig ,  2 .  Scans across  t h e  Martian d i s c  wi th  a  one arc-second 
diaphragm. The scans were s e t  t o  pass  through 
Arabia a,nd the  darkes t  por t ion  of S y r t i s  Major, 
R e f l e c t i v i t i e s  aye normalized t o  Arabia 'values es-  
t imated from previous observat ions.  
Fig.  3. Same a s  Fig.  2,  except phase angle r a t h e r  than wave- 
l eng th  i s  va r i ed .  Note t h e  g r e a t e r  c o n t r a s t  between 
S y r t i s  Major and Arabia on June 3 ( a  = 2 % )  than 
0 May 31 (a=1?35) o r  June 1 ( a  = 1 . 5 0 ) ,  suggesting a 
g r e a t e r  opposi t ion e f f e c t  f o r  S y r t i s  Major, 
Fig.  4. Rat ios ,  1 / ~ ~ ,  of t h e  i n t e n s i t i e s  of S y r t i s  ~ a j o r /  
Arabia versus wavelength. Younkinls values a r e  
p l o t t e d  f o r  comparison. Note t h e  g r e a t e r  c o n t r a s t  
between S y r t i s  Major and Arabia a t  the  l a r g e r  phase 
angle ,  again suggesCing g r e a t e r  opposi t ion e f f e c t  
f o r  S y r t i s  Major than f o r  Arabia. 

Figure 2. 
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